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Abstract
Ruling out the inverted neutrino hierarchy with neutrinoless double beta decay ex-
periments is possible if a limit on the effective mass below the minimal theoretically
possible value is reached. We stress that this lower limit depends strongly on the
value of the solar neutrino mixing angle: it introduces an uncertainty of a factor of
2 within its current 3σ range. If an experiment is not background-free, a factor of
two in effective mass corresponds to a combined factor of 16 improvement for the
experimental parameters running time, detector mass, background level and energy
resolution. Therefore, a more precise determination of θ12 is crucial for the interpre-
tation of experimental results and the evaluation of the potential and requirements
for future experiments. We give the required half-lifes to exclude (and touch) the
inverted hierarchy regime for all double beta decay isotopes with a Q-value above
2 MeV. The nuclear matrix elements from 6 different groups and, if available, their
errors are used and compared. We carefully put the calculations on equal footing
in what regards various convention issues. We also use our compilation of matrix
elements to give the reachable values of the effective mass for a given half-life value.
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1 Introduction
Neutrinoless Double Beta Decay (0νββ) is a process of fundamental importance for particle
physics [1–3]. In the best motivated interpretation [4] of this process, light Majorana
neutrinos, whose mixing is observed in neutrino oscillation experiments, are exchanged in
the process, and the particle physics quantity which is probed is the ”effective mass”
〈mν〉 =
∣∣U2e1m1 + U2e2m2 eiα + U2e3m3 eiβ∣∣ . (1)
Here Ue1 = cos θ12 cos θ13, Ue2 = sin θ12 cos θ13 and U
2
e3 = 1 − U2e1 − U2e2. The current
knowledge of these mixing angles is given in Table 1. The lifetime of 0νββ decay is
inversely proportional to the effective mass squared.
Apart from verifying the Majorana nature of neutrinos, the effective mass depends on
a number of known and unknown neutrino parameters, and testing or cross-checking the
values of these parameters is obviously an immensely important task. Among the unknown
neutrino parameters the neutrino mass ordering (the sign of the atmospheric mass-squared
difference) is of particular interest. It is indeed an exciting possibility to rule out the
inverted ordering (IH) with 0νββ. This is possible because the lower limit of the effective
mass is non-zero in this case [5, 6]. Actually, if at the time when the inverted hierarchy
regime is under test at double beta decay experiments the mass ordering is known to be
inverted (by an oscillation experiment or by a galactic supernova explosion), then testing
the inverted hierarchy means testing directly the Majorana nature of neutrinos. If the
mass ordering is not known, the experiments can rule out the inverted hierarchy only if
in addition the Majorana nature of neutrinos is assumed. However, this happens in the
vast majority of models and scenarios leading to neutrino mass, and is also natural from
an effective field theory point of view.
In any case, a natural scale for the effective mass provided by particle physics is the min-
imal value of the effective mass in the inverted hierarchy, and should be the intermediate-
or long-term aim of double beta experiments.
We stress in this paper that the lower limit of the effective mass is a sensitive function of
the solar neutrino mixing angle θ12: the current 3σ range of θ12 introduces an uncertainty
of a factor of 2. In realistic, i.e. background dominated, experiments the achievable half-life
reach is proportional to
T 0ν1/2 ∝ a× ǫ×
√
M × t
B ×∆E , (2)
where a is the isotopical abundance of the double beta emitter, M the used mass, t the
measuring time, ǫ the detection efficiency, ∆E the energy resolution at the peak position
and B the background index typically given in counts/keV/kg/yr. Hence, an uncertainty
of 2 in the effective mass corresponds to a factor of 22 = 4 in terms of lifetime reach and
a factor of 24 = 16 uncertainty in the above combination of experimental parameters. In
this work we aim to stress this fact and to illustrate its consequences. We quantify the
requirements to test the inverted hierarchy in terms of necessary half-life reach. We consider
all 0νββ-isotopes with a Q-value above 2 MeV and compile the nuclear matrix element
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Parameter Best-fit+1σ−1σ 3σ
sin2 θ12 0.318
+0.019
−0.016 0.27-0.38
sin2 θ13 0.013
+0.013
−0.009 ≤ 0.053
∆m2A [10
−3 eV2] 2.40+0.12−0.11 2.07-2.75
∆m2⊙ [10
−5 eV2] 7.59+0.23−0.18 7.03-8.27
Table 1: Neutrino mixing parameters: best-fit values as well as 1σ and 3σ ranges [7].
calculations from six different groups. That is, we study the isotopes 48Ca, 76Ge, 82Se,
96Zr, 100Mo, 110Pd, 116Cd, 124Sn, 130Te, 136Xe, and 150Nd, as well as nuclear matrix element
calculations applying QRPA [8, 9], Nuclear Shell Model [10], the Interacting Boson Model
[11], the Generating Coordinate Method [12], and the projected-Hartree-Fock-Bogoliubov
model [13]. Particular care is taken to put the calculations on equal footing in what
regards various convention issues, such as the axial vector coupling gA and the nuclear
radius appearing in the phase space factor. We present the results for different values of
θ12, in order to show its impact.
We are taking the point of view that the spread of nuclear matrix elements and lifetimes
obtained in our analysis is a fair estimate of the true allowed range. Though experimental
approaches to reduce the uncertainty [14], and statistical approaches to better estimate the
theoretical uncertainties (see e.g. [15]), have started, at the current stage the collection of
available results and the use of their spread is the most pragmatic procedure.
Nevertheless, our main conclusions are independent of this and quite straightforward:
a precision determination of the solar neutrino mixing angle is crucial to determine the
physics potential of, and requirements for, neutrinoless double beta decay experiments.
Some proposals for solar neutrino experiments which can pin down θ12 more precisely can
be found in the literature [16–19]. Large-scale long baseline reactor neutrino experiments
have also been proposed [20–23], but to our knowledge still await detailed study by exper-
imentalists. The main focus of future precision neutrino oscillation physics is put on mass
ordering, the other mixing angles and CP violation in facilities such as super-, beta-beams
or neutrino factories. Given the impact of θ12 on neutrinoless double beta decay that we
discuss here, we hope to provide additional motivation for studies and proposals in order
to determine θ12 as precisely as possible
1. At least we encourage to seriously determine
and optimize the potential of future experiments in what regards the achievable precision
of θ12.
Using our compilation of matrix element calculations, we also present results for the
1The additional physics potential of precision solar neutrino or θ12 experiments is e.g. solving the metalicity
problem of the Sun [24], probing the transition region of the electron neutrino survival probability in the
Sun’s interior [25], or distinguishing theoretical approaches to lepton mixing such as tri-bimaximal mixing
from alternative models [26].
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〈mν〉IHmin [eV]
sin2 θ12 minimal maximal
0.270 0.0196 0.0240
0.318 0.0154 0.0189
0.380 0.0100 0.0123
Table 2: Lower limit of the effective electron neutrino mass in the case of an inverted
hierarchy for different values of sin2 θ12. The minimal and maximal values are obtained by
varying ∆m2A, ∆m
2
⊙ and sin
2 θ13 in their allowed 3σ ranges.
necessary half-life in order to touch the inverted hierarchy regime. Finally, we investigate
which limits on the effective mass can be achieved for a given half-life, and what the current
limits are. These points are independent of the value of θ12.
We find that the isotope 100Mo tends to be interesting, in the sense that with the same
lifetime it can slightly more easily rule out the inverted hierarchy, or achieve the better
limit on the effective mass. This may be helpful for experiments considering various alter-
native isotopes to study.
The paper is built up as follows: in Section 2 we shortly discuss the effective mass and
its dependence on the solar neutrino mixing angle in the inverted hierarchy. Section 3
deals with the various calculations of the nuclear matrix elements and their impact on
ruling out and touching the inverted hierarchy regime. We point out the difficulties arising
from the chosen convention, which can arise by comparing different nuclear matrix element
calculations. The general limits on the effective mass as a function of an achievable half-
life are given in a short Section 3.3, where also current limits on the effective mass are
compiled. In Section 4 we give some examples on the experimental consequences of our
results for future experiments. Tables and details are delegated to the Appendices, and
conclusions are presented in Section 5.
2 Effective neutrino mass and experimental values of
neutrino oscillation parameters
In general, the decay rate of 0νββ decay factorizes in a kinematical, nuclear physics and
particle physics part:
Γ0ν = Gkin |Mnucl|2Xpart . (3)
The observation of the decay would establish the nature of the neutrino as a Majorana
particle [27], independent on whether indeed light Majorana neutrinos are exchanged in
the diagram leading to 0νββ. However, the most natural interpretation is indeed that this
is the case, because we know that neutrinos have a non-vanishing rest mass, and in the
vast majority of models they are Majorana particles. The particle physics parameter in
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Figure 1: The effective electron neutrino mass in the case of an inverted hierarchy is shown
as a function of (a) sin2 θ12 and (b) ∆m
2
A with best-fit values and 3σ ranges for the other
oscillation parameters. On the right side of the plots the corresponding half-life for 76Ge
is shown assuming three different nuclear matrix elements: M ′0ν = 2.81 (red dashed axis),
M ′0ν = 5 (blue dotted axis), and M ′0ν = 7.24 (black solid axis).
the decay width Eq. (3) is therefore Xpart ∝ 〈mν〉2, where 〈mν〉 is the effective electron
neutrino mass defined as
〈mν〉 =
∣∣c212 c213m1 + s212 c213m2 eiα + s213m3 eiβ∣∣ , (4)
where cij = cos θij , sij = sin θij , and α, β are the two Majorana phases. It depends on the
three neutrino mass eigenstates mi and the first row of the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) mixing matrix. The effective mass, 〈mν〉, can span a wide range due to
the unknown Majorana phases, the unknown total neutrino mass scale, and the unknown
mass ordering. We are interested here mostly in the case of the inverted hierarchy (IH),
which corresponds to m2 > m1 > m3. In this case the maximum and minimum values of
〈mν〉 are given by (see e.g., [5, 6, 28])
〈mν〉IHmax =
√
m23 +∆m
2
A c
2
12c
2
13 +
√
m23 +∆m
2
⊙ +∆m
2
A s
2
12c
2
13 +m3s
2
13 , (5)
and
〈mν〉IHmin =
√
m23 +∆m
2
A c
2
12c
2
13 −
√
m23 +∆m
2
⊙ +∆m
2
A s
2
12c
2
13 −m3s213 , (6)
respectively. Here, ∆m2⊙ = m
2
2 −m21 is the solar and ∆m2A = |m23 −m21| the atmospheric
mass-squared difference. The values we use for the mixing parameters are shown in Table
1.
Unless the smallest massm3 is larger than about 0.05 eV, the effective mass does basically
not depend on its value, and increases linearly withm3 afterwards. In the case ofm3 <∼ 0.05
eV, one finds
〈mν〉IHmax ≃ c213
√
∆m2A , (7)
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and
〈mν〉IHmin ≃ c213
√
∆m2A cos 2θ12 =
(
1− |Ue3|2
)√
∆m2A
(
1− 2 sin2 θ12
)
, (8)
respectively. The maximal value is obtained for α = 0 and the minimal value for α = π/2.
Since θ12 is non-maximal, the minimal value of 〈mν〉 is non-zero, which is in contrast to the
normal mass ordering, in which the effective mass can vanish. By obtaining experimentally
an upper limit on the effective mass below 〈mν〉IHmin, we can rule out the inverted ordering.
If we would know by independent evidence that the ordering is inverted (i.e., from a long
baseline experiment, or observation of a galactic supernova), then obtaining such an upper
limit would even mean that the Majorana nature of neutrinos would have been ruled out.
From a more pragmatic point of view, particle physics provides a scale for limits on the
effective mass, which should be the sensitivity goals of the experimental program. These
values are 〈mν〉IHmax and 〈mν〉IHmin given in Eq. (7) and (8), respectively. In Fig. 1 we show
the effective mass for the best-fit and the 3σ ranges of the oscillation parameters as a
function of sin2 θ12 and ∆m
2
A. It is clear that the dependence of the lower limit on sin
2 θ12
is very strong. In the currently allowed 3σ range the range of θ12 quantifies to a factor
of 2 uncertainty for 〈mν〉IHmin, which translates into a factor 22 = 4 in lifetime reach for an
experiment. We illustrate this in the plots by translating 〈mν〉 into the half-life for 76Ge
for three representative values of the nuclear matrix elements (see Section 3.1). Table 2
shows the numerical values of the effective electron neutrino mass in the case of an inverted
hierarchy for different values of the solar neutrino parameter sin2 θ12. The uncertainty in
the other parameters |Ue3| and ∆m2A is by far not as significant, it amounts in total to
a factor less than 25 %. An extensive program to test ∆m2A and |Ue3| is underway (see
e.g. [29]) and will have decreased this uncertainty considerably by the time the 0νββ-
experiments of the required sensitivity are running. The maximal value of the effective
mass does not depend on θ12, and hence its value is uncertain by less than 25 %.
3 Half-life sensitivities and the inverted hierarchy
We have seen above that in order to rule out the inverted ordering, and to evaluate the
physics potential of future experiments, the value of θ12 is of crucial importance. We will
now attempt to quantify the impact of θ12 in terms of experimentally required half-life.
Towards this end, we will have to care with the available calculations of the nuclear matrix
elements (NMEs). We have scanned the literature and extracted the NME values for five
different calculational approaches of six different groups. If given by the respective authors,
we include the error estimates in the calculations for our results. In order to compare them
in a proper way, we carefully try to put the NMEs on equal footing, because details of
conventions are often different in different publications. We then consider all 11 potential
0νββ-isotopes with a Q-value above 2 MeV. We discuss the necessary half-lifes to rule out
and to touch the inverted hierarchy, putting particular emphasis on the θ12-dependence if
necessary. Finally, using our compilation we also give the limits on 〈mν〉 as a function of
future half-life limits for the 11 interesting isotopes. Using the published half-life limits of
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Isotope G0ν [10−14 yrs−1] Q [keV] nat. abund. [%]
48Ca 6.35 4273.7 0.187
76Ge 0.623 2039.1 7.8
82Se 2.70 2995.5 9.2
96Zr 5.63 3347.7 2.8
100Mo 4.36 3035.0 9.6
110Pd 1.40 2004.0 11.8
116Cd 4.62 2809.1 7.6
124Sn 2.55 2287.7 5.6
130Te 4.09 2530.3 34.5
136Xe 4.31 2461.9 8.9
150Nd 19.2 3367.3 5.6
Table 3: G0ν for different isotopes using r0 = 1.2 fm. Values taken from Table 6 of Ref. [9]
(G0ν1 in their notation) and scaled to gA = 1.25 (G
0ν of 110Pd taken from Table IV of
Ref. [13]). Also shown is the Q-value for the ground-state-to-ground-state transition which
is calculated using isotope masses from Ref. [30] and the natural abundance in percent.
Note that there is a misprint in Ref. [9], which quotes G0ν for 100Mo as 11.3× 10−14 yrs−1.
different isotopes, we also give the current limits on the effective mass.
3.1 Nuclear Matrix Elements and the Half-life
The 0νββ decay half-life is given according to Eq. (3) by2 [31]
(T 0ν1/2)
−1 = G0ν
∣∣M0ν ∣∣2
(〈mν〉
me
)2
, (9)
where G0ν is the phase space factor,M0ν the NME, me the electron mass, and the effective
electron neutrino mass 〈mν〉 as given in Eq. (4). It is known that the conversion of a
lifetime into an effective mass, in particular when different NMEs are compared, should
be performed carefully [32, 33]. The nuclear physics parameters, for instance the axial-
vector coupling gA lying in the range 1 <∼ gA <∼ 1.25, should strictly speaking introduce
an uncertainty in the value of M0ν only. However, it is convention to include gA in the
phase space factor as well. In addition, the nuclear radius RA = r0A
1/3 (A being the
atomic number) appears in G0ν , and there are differences in the normalization of RA with
r0, which should be taken into account. This leads to the small complication that NMEs
calculated with different values for gA and r0 cannot be directly compared with each other,
since they have different phase space factors and hence seemingly equal (by their value)
matrix elements will lead to different decay half-lifes [32] (see also the Appendix of [34]).
We will outline these issues in more detail in what follows.
2Note that sometimes the factor 1/m2
e
is carried into the definition of G0ν .
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Figure 2: NMEs calculated in different frameworks. We have scaled the cited values to
r0 = 1.2 fm and gA = 1.25 (see Eq. (11)) to make them directly comparable. The exact
values are given in Table 4.
The phase space factor is through convention proportional to g4A/R
2
A [9],
G0ν ∝ g
4
A
R2A
, (10)
with RA = r0A
1/3 being the nuclear radius and 1 . gA . 1.25 the axial-vector coupling.
The dependence on RA stems from the desire to make the NMEs dimensionless. Therefore
in the definition of the NMEs there is a factor of RA which is compensated for by the factor
1/R2A in G
0ν . To resolve the issue of comparing matrix elements calculated using different
values of gA, some – but not all – authors define
M ′0ν =
( gA
1.25
)2
M0ν , (11)
thereby carrying the gA dependence from G
0ν to M ′0ν , i.e.,
G0ν(M0ν)2 = G0ν1.25(M
′0ν)2, (12)
with G0ν1.25 = G
0ν(gA = 1.25). This means that these NMEs share a common G
0ν factor –
that of gA = 1.25. Still one has to be careful when comparing NMEs from different groups,
since different authors take different values for r0, usually r0 = 1.1 fm (e.g. Ref. [35,36]) or
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NSM [10] Tu¨ [35,36] Jy [37] IBM [11] GCM [12] PHFB [13]
Isotope (UCOM) (CCM) (UCOM) (Jastrow) (UCOM) (mixed)
48Ca 0.85 - - - 2.37 -
76Ge 2.81 4.44 - 7.24 4.195 - 5.355 4.636 - 5.465 4.6 -
82Se 2.64 3.85 - 6.46 2.942 - 3.722 3.805 - 4.412 4.22 -
96Zr - 1.56 - 2.31 2.764 - 3.117 2.530 5.65 2.24 - 3.46
100Mo - 3.17 - 6.07 3.103 - 3.931 3.732 - 4.217 5.08 4.71 - 7.77
110Pd - - - 3.623 - 5.33 - 8.91
116Cd - 2.51 - 4.52 2.996 - 3.935 2.782 4.72 -
124Sn 2.62 - - - 4.81 -
130Te 2.65 3.19 - 5.50 3.483 - 4.221 3.372 - 4.059 5.13 2.99 - 5.12
136Xe 2.19 1.71 - 3.53 2.38 - 2.802 3.352 4.2 -
150Nd - 3.45 - 2.321 - 2.888 1.71 1.98 - 3.7
Table 4: NMEs calculated in different frameworks. The method used to take into account
short-range correlations is indicated in brackets. We have scaled the cited values to r0 = 1.2
fm and gA = 1.25 (see Eq. (11)) to make them directly comparable. If ranges instead of
single NME values are given then they arise due to intrinsic model details varied in the
respective publications. This table is graphically represented in Fig. 2, the pseudo-SU(3)
NME for 150Nd plotted there is 1.00 [38].
r0 = 1.2 fm (e.g. Ref. [10, 11, 37]). The NMEs are proportional to r0 and therefore when
comparing two different matrix elements M0ν1 , M
0ν
2 , which have been calculated using r0,1
and r0,2, respectively, one has to rescaleM
0ν
2 by r0,1/r0,2 orM
0ν
1 by r0,2/r0,1. Otherwise one
introduces an error of (r0,1/r0,2)
2 ≃ 1.19 in terms of half-life (see Eq. (9)). A compilation
of gA, r0 and G
0ν values used in different works can be found in Ref. [33].
In addition, it is often overlooked that there are differences between independent phase
space factor calculations, which can be as high as ∼13% (see the Appendix of [34]). For
instance, Ref. [35] uses phase space factors from [39], while Ref. [37] uses the ones from
[9]. There, G0ν for the isotope 136Xe is given as 49.7 × 10−15 yrs−1 and 43.1 × 10−15
yrs−1, respectively (we scaled them to gA = 1.25 and r0 = 1.2 fm to make them directly
comparable). To perform a consistent comparison between different NME calculations we
will take the numerical values for the phase space factors from Ref. [9] when calculating the
necessary half-life sensitivities and take carefully into account all of the above mentioned
difficulties3. Table 3 shows the phase space factors used in our calculations. All 0νββ-
isotopes with a Q-value above 2 MeV are given. We have chosen the value r0 = 1.2 fm
throughout our analysis. Also given in the table is the natural abundance of the isotope
in percent.
The convention issues mentioned so far are of course different from the intrinsic uncer-
tainty stemming from the nuclear physics itself. We will not get into detail here, and refer
to existing reviews available in the literature [1, 9]. A program to reduce the uncertainty
3Note that there is a misprint for the phase space factor of 100Mo in Ref. [9].
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by independent experimental cross checks has been launched [14], but it is unclear whether
the results will be available and conclusive for all interesting isotopes at the time when the
decisions on the experimental parameters have to be taken.
An important point here are short-range correlations (SRC) since the contribution to
NMEs stems mainly from physics of internucleon distances r ≤ (2− 3) fm [40]. There are
different proposals how to treat SRC, namely via a Jastrow-like function [1, 41], Unitary
Correlation Operator Method (UCOM) [42], or Coupled Cluster Method (CCM) [35,43–45].
For instance, the authors of Ref. [37] argue that UCOM should be preferred over Jastrow
while the authors of [35] prefer CCM. In this work we use the NME values calculated
with UCOM or CCM SRC in the NSM, QRPA, and GCM frameworks; the NME values
in the IBM framework are calculated with Jastrow SRC. In the case of the PHFB model
the authors used a statistical estimate of the theoretical uncertainty by calculating NMEs
with three different types of SRC, four different parametrizations of the effective two-body
interaction and taking the mean and the standard deviation. We used the NMEs derived
in this manner and therefore no particular SRC method can be assigned to them. With
a chosen SRC method, some groups discuss additional sources of error which arise, such
as the set of single-particle states, the number of possible wave function configurations, or
other model details. These errors are given in some publications, and we include them in
our analysis. The NME values and ranges we have compiled and will be used in this work
are tabulated in Table 4 and plotted in Fig. 2. The values are scaled to r0 = 1.2 fm and
gA = 1.25 so that they are directly comparable. The original NME values can be found in
column 3 of Table 8 of Ref. [10] (NSM), column 6 of Table III of Ref. [35] and column 4
of Table II of Ref. [36] (QRPA, Tu¨bingen group), column 6 of Table 1 of Ref. [37] (QRPA,
Jyva¨skyla¨ group), columns 2 and 3 of Table VI of Ref. [11] (IBM), column 5 of Table I
of Ref. [12] (GCM), and column 3 of Table IV of Ref. [13] (PHFB). Regarding IBM, the
isotopes for which a range is given are calculated in Ref. [11] with two sets of single-particle
energies, one extracted from experiment (“experimental”), the other from a specific model
(“theoretical”). Their span defines the given range. The IBM values without a range are
unpublished “experimental” NMEs kindly provided by Francesco Iachello. As only few
calculations for 150Nd are available, we also include the result from Ref. [38], which applied
the pseudo-SU(3) Ansatz for the calculation, which is suitable for deformed nuclei such as
150Nd. It gives by far the lowest NME.
3.2 Ruling out the inverted hierarchy
Having compiled the NMEs in a form which makes it possible to compare them with each
other, we can now give the necessary half-lifes in order to rule out the inverted hierarchy.
Recall that the value 〈mν〉IHmin given in Eq. (8) has to be reached for this, and that a strong
dependence on θ12 is present.
In Fig. 3 we plot the necessary half-lifes to rule out the inverted hierarchy for all 11
isotopes with Q-value above 2 MeV. We display the situation for different values of θ12,
which correspond to the best-fit value of the current oscillation analyses, and the lower and
upper limit of the current 3σ range. The full range, leaving θ12 free within its current range,
10
 0.1
 1
 10
48Ca 76Ge 82Se 96Zr 100Mo 110Pd 116Cd 124Sn 130Te 136Xe 150Nd
T
1
/2
 
[1
02
7
 
y]
Isotope
sin2(θ12) = 0.27
NSM
Tue
Jy
IBM
GCM
PHFB
Pseudo-SU(3)
PSfrag replacements
〈mν 〉 [eV]
sin2 θ12
T 0ν
1/2
[1027 y]
∆m2
A
[10−3 eV2]
M ′0ν
〈mν〉IHmax
 0.1
 1
 10
48Ca 76Ge 82Se 96Zr 100Mo 110Pd 116Cd 124Sn 130Te 136Xe 150Nd
T
1
/2
 
[1
02
7
 
y]
Isotope
sin2(θ12) = 0.318 (best-fit)
NSM
Tue
Jy
IBM
GCM
PHFB
Pseudo-SU(3)
PSfrag replacements
〈mν〉 [eV]
sin2 θ12
T 0ν
1/2
[1027 y]
∆m2
A
[10−3 eV2]
M ′0ν
〈mν 〉IHmax
 0.1
 1
 10
48Ca 76Ge 82Se 96Zr 100Mo 110Pd 116Cd 124Sn 130Te 136Xe 150Nd
T
1
/2
 
[1
02
7
 
y]
Isotope
sin2(θ12) = 0.38
NSM
Tue
Jy
IBM
GCM
PHFB
Pseudo-SU(3)
PSfrag replacements
〈mν 〉 [eV]
sin2 θ12
T 0ν
1/2
[1027 y]
∆m2
A
[10−3 eV2]
M ′0ν
〈mν〉IHmax
 0.1
 1
 10
48Ca 76Ge 82Se 96Zr 100Mo 110Pd 116Cd 124Sn 130Te 136Xe 150Nd
T
1
/2
 
[1
02
7
 
y]
Isotope
0.27 < sin2(θ12) < 0.38
PSfrag replacements
〈mν〉 [eV]
sin2 θ12
T 0ν
1/2
[1027 y]
∆m2
A
[10−3 eV2]
M ′0ν
〈mν 〉IHmax
Figure 3: Required half-life sensitivities to exclude the inverted hierarchy for different
values of θ12. For each value of sin
2 θ12 the other parameters (∆m
2
A, ∆m
2
⊙, sin
2 θ13) are
varied in their 3σ ranges. The lower right plot tries to combine the other three: the lines
correspond to the combined uncertainties of the nuclear physics and the oscillation parame-
ters. The small horizontal lines show expected half-life sensitivities at 90% C.L. of running
and planned 0νββ experiments. The expected limits are from the following experiments:
GERDA and MAJORANA (76Ge, equal sensitivity expectations for both experiments);
SuperNEMO (82Se), CUORE (130Te); EXO (136Xe, dashed lines); KamLAND (136Xe, solid
lines); SNO+ (150Nd). When two sensitivity expectations are given for one experiment
they correspond to near and far time goals.
is also displayed. For convenience, we give the numerical values for necessary T 0ν1/2 in Table
7, which can be found in the Appendix. For each value of sin2 θ12 the other parameters
(∆m2A, ∆m
2
⊙, sin
2 θ13) are varied in their 3σ ranges such that in Table 7 one has a somewhat
more optimistic and more pessimistic prediction for the 0νββ decay half-life. Recall that
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Isotope Experiment T 0ν1/2/yrs
76Ge GERDA 2.0× 1026
(+MAJORANA) 6.0× 1027
82Se SuperNEMO 2.0× 1026
130Te CUORE 6.5× 1026
136Xe EXO 6.4× 1025
8.0× 1026
136Xe KamLAND 4.0× 1026
1.0× 1027
150Nd SNO+ 4.5× 1024
3.0× 1025
Table 5: Expected half-life sensitivities for some 0νββ experiments [46]. When two values
are given they correspond to near and far time expectations with different detector masses.
the dependence on the oscillation parameters other than θ12 is rather weak (less than 25
%) and will be strongly reduced in the future.
One can compare the necessary half-lifes with the foreseen sensitivities of up-coming
experiments. We refer here to the compilation from Ref. [46], which listed confirmed
sensitivities of the currently “most developed” experiments. Table 5 gives the numbers,
staged experiments have two values. We have included those sensitivities in our plots. To
give an example on the interpretation of the plots, with the final sensitivity GERDA and
Majorana (6×1027 yrs) could rule out the inverted hierarchy if sin2 θ12 = 0.27 for all NMEs
except for the NSM.
Another way to display the interplay of nuclear physics, θ12 and 0νββ is shown in Fig. 4:
assuming for four interesting isotopes a certain half-life limit, we show for which NME
values the inverted hierarchy is ruled out. For instance, for 76Ge and a half-life of 5× 1027
yrs, we can rule out the inverted hierarchy if the matrix element is larger than about 5 if
sin2 θ12 = 0.32. For a half-life of 1 × 1027 yrs, the NME has to be larger than about 12,
hence not too realistic. Nevertheless, the ranges of the NME calculations are also displayed
in the figures.
Fig. 5 shows the required half-life to touch the inverted hierarchy. This half-life (cor-
responding to the value 〈mν〉IHmax given in Eq. (7)) does not depend on θ12. The other
parameters, ∆m2A, ∆m
2
⊙ and θ13 are varied in their current 3σ range. The numerical val-
ues are given in Table 8. For instance, the combined GERDA and Majorana results, as
well as CUORE, could touch the inverted hierarchy for all available NMEs.
From the figures and tables presented in this Section, one identifies 100Mo as the somewhat
most interesting isotope. With our compilation of NMEs, the required lifetimes to reach
and/or exclude the inverted hierarchy tends to be generally lowest for this 0νββ-candidate.
If the very low pseudo-SU(3) NME for 150Nd would be omitted, then this isotope would even
more favorable than 100Mo. These tentative conclusions may be helpful for experiments
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Figure 4: Assuming the case of an inverted neutrino mass hierarchy and a measurement of
a 0νββ decay signal, this plot shows the minimal NMEs for which the inverted hierarchy
can be ruled out. For the mixing parameters ∆m2A, ∆m
2
⊙, and sin
2 θ13 best-fit values are
taken. The ranges of the NME calculations are also displayed in the figures.
which have alternatives in the isotopes to investigate, such as LUCIFER [47] (currently
considering 82Se or 100Mo or 116Cd), MOON [48] (82Se or 100Mo), or SuperNEMO [49] (82Se,
150Nd or others).
3.3 Current and future limits on the effective mass
In Table 6 we show the current limits on the half-life of 0νββ, obtained in a variety of
experiments4. Using the largest and smallest NME from our compilation, we give the
4Part of the Heidelberg-Moscow collaboration has claimed observation [59] of 0νββ corresponding to a
half-life of 2.23× 1025 yrs, and a 95% C.L. range of (0.8− 18.3)× 1025 yrs. This would correspond to a
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Figure 5: Required half-life sensitivities to touch the inverted hierarchy. The mixing pa-
rameters are varied in their 3σ ranges. The small horizontal lines show expected half-life
sensitivities as in Fig. 3.
range of the current limit of 〈mν〉 for the particular isotope.
Finally, we give the limit on the effective mass as a function of achieved half-life for the
11 isotopes under investigation. This is shown in Fig. 6. We have given four different
half-life values. With a half-life sensitivities of about 5× 1025 yrs the first isotopes start to
touch the inverted hierarchy. Without specifying the value of θ12, no isotope can rule out
the inverted hierarchy unless sensitivities above 1027 yrs are reached. Entering the inverted
hierarchy regime requires sensitivities above 1026 yrs.
4 Experimental consideration
A large variety of different upcoming experiments exists in various stages of realization.
They are in order of increasing isotope mass CANDLES [60] (48Ca), GERDA [61] and
MAJORANA [62] (76Ge), LUCIFER [47] (82Se or 100Mo or 116Cd), SuperNEMO [49] (82Se
or 150Nd), MOON [48] (82Se or 100Mo), COBRA [63] (116Cd) , CUORE [64] (130Te), EXO
[65], XMASS [66], KamLAND-Zen [67] and NEXT [68] (136Xe), DCBA [69] and SNO+ [70]
(150Nd). As discussed before not for all proposals the final decision on the selected isotope
is already made. From the discussion of the previous sections it would of course be desirable
to rule out the inverted scenario and thus tune the experimental parameters and hence the
sensitivity to do so. The obtainable half-life can be estimated to be
T 0ν1/2 =
NA ln 2
nσ
(
a× ǫ
W
)
M × t (13)
range of the effective mass of (0.19− 0.49) eV, and (0.066− 0.82) eV, respectively.
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M ′0ν 〈mν〉 [eV]
Isotope T 0ν1/2/yrs Experiment min max min max
48Ca 5.8 ×1022 CANDLES [50] 0.85 2.37 3.55 9.91
76Ge 1.9 ×1025 HDM [51] 2.81 7.24 0.21 0.53
82Se 3.2 ×1023 NEMO-3 [52] 2.64 6.46 0.85 2.08
96Zr 9.2 ×1021 NEMO-3 [53] 1.56 5.65 3.97 14.39
100Mo 1.0 ×1024 NEMO-3 [52] 3.10 7.77 0.31 0.79
116Cd 1.7 ×1023 SOLOTVINO [54] 2.51 4.72 1.22 2.30
130Te 2.8 ×1024 CUORICINO [55] 2.65 5.50 0.27 0.57
136Xe 5.0 ×1023 DAMA [56] 1.71 4.20 0.83 2.04
150Nd 1.8 ×1022 NEMO-3 [57] 1.71 3.70 2.35 8.65
Table 6: Experimental 0νββ decay half-life limits at 90 % C.L. Columns 4 and 5 show the
minimal and maximal NMEs from our compilation (see Table 4), and columns 6 and 7 the
corresponding upper limits on the effective electron neutrino mass 〈mν〉. Similar limits on
76Ge to the ones in [51] have been obtained by the IGEX experiment [58].
in a background-free scenario and
T 0ν1/2 =
NA ln 2
nσ
(
a× ǫ
W
) √
M × t
B ×∆E (14)
in case of a background limited search [3], where nσ is the number of standard deviations
corresponding to the desired confidence level, W the molecular weight of the source mate-
rial, and the other parameters as in Eq. (2). Notice, only in the background-free scenario
the half-life sensitivity scales linearly with the measuring time. To be more conservative
and realistic we assume a background limited case. As shown in Fig. 1a, the minimal effec-
tive Majorana mass which has to be explored shows a factor of two difference due to the
current uncertainty in the mixing angle θ12, depending on whether the actual value of θ12
comes off at the high or low end of its currently allowed range. Thus, this implies a factor
of 16 difference in the combination of measuring time, energy resolution, background index
and detector mass. From the experimental point of view such a big potential factor causes
a significant challenge and work, as half-life measurements well beyond 1026 yrs itself are
already non-trivial. Therefore it would be extremely desirable to reduce the uncertainty
on θ12 in future solar experiments like SNO+.
As an example consider a 1 ton Ge-experiment, enriched to 90 % in 76Ge. Furthermore,
consider a full detection efficiency, an energy resolution (FWHM) of 3 keV at peak position,
the best one of all considered double beta experiments, and 10 years of running time. For
an optimistic combination of the other mixing parameters (upper rows in Tables 7 and 8)
such an experiment could touch the IH at 2σ C.L. even using the less favorable NME if a
background level of 5.5×10−3 counts/keV/kg/yr could be achieved. This should be feasible
as already for GERDA phase II the aim is to achieve 10−3 counts/keV/kg/yr. Ruling out
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Figure 6: Limits on the effective mass which can be set assuming different half-lifes for the
11 isotopes under investigation. The orange double-dashed horizontal lines show the upper
and lower lines of the inverted hierarchy when the mixing parameters are varied in their
3σ range (see Fig. 1). Thereby the horizontal line at 0.02 eV (0.01 eV) corresponds to the
lower line of the IH for sin2 θ12 = 0.27 (sin
2 θ12 = 0.38).
the complete IH for small θ12 would require 2.4× 10−4 counts/keV/kg/yr. For large θ12 it
is not possible to exclude the IH (assuming the smallest NME) with the considered exper-
imental parameters. Excluding the IH would require a half-life sensitivity of 3.5× 1028 yrs
(Tab. 7). But even considering a background-free case and therefore using Eq. (13), one
obtains a 2σ half-life limit of only 2.47 × 1028 yrs. By using Eq. (14) one could formally
calculate a necessary background of 1.6× 10−5 counts/keV/kg/yr to exclude a half-life of
3.5 × 1028 yrs with the stated experimental set-up. But this background corresponds to
only about 0.5 total background counts during the whole operational period of 10 years
which has to be compared to 1.4 expected counts from the 0νββ decay with a half-life of
16
3.5 × 1028 yrs. Hence, the experiment cannot be considered to be background dominated
and thus Eq. (14) is not applicable.
As another example, consider a large scale experiment like SNO+ using 150Nd, enriched
to 60%. With a total mass of 760 kg of natural Nd, 10 years of running time and an energy
resolution of about 300 keV (the resolution depends on the percentage of Nd-loading of
the scintillator, here a resolution of 3.5%/
√
E was assumed) it would require a background
of 6.1 × 10−4 counts/keV/kg/yr to touch the IH at 2σ C.L. To exclude IH a background
as small as 2.7 × 10−5 counts/keV/kg/yr (for small θ12) or 1.9 × 10−6 counts/keV/kg/yr
(for large θ12) would be required (note that due to the presence of the 2νββ mode in
conjunction with the energy resolution of only 300 keV this low background is very hard
to reach and one has to scale up the other parameters of the experiment to fully cover the
IH). Nevertheless, one can check that the background levels we have estimated here still
correspond to a background dominated case.
5 Conclusions
The main focus of the present paper was put on testing the inverted neutrino mass hierarchy
with neutrinoless double beta decay experiments. The maximal and (non-zero) minimal
values of the effective mass are natural sensitivity goals for the experimental program.
We have stressed that the mixing parameter θ12, the solar neutrino mixing angle, in-
troduces an uncertainty of a factor of 2 on the minimal value of the effective mass. This
implies an uncertainty of a factor of 22 = 4 on the lifetime and 24 = 16 on the combination
of isotope mass, background level, energy resolution and measuring time. Given the long-
standing problem of nuclear matrix element calculations we have taken a pragmatic point
of view: to quantify the necessary half-lifes to test and/or rule out the inverted hierarchy
we have attempted to collect as many theoretical calculations as possible, and included
their errors if available. The nuclear matrix elements we have compiled have been put on
equal footing in what regards convention issues. We have used our compilation of NMEs
to give the current limits on the effective mass of different isotopes, and to give the limits
on the effective mass as a function of reached half-life. The isotope 100Mo tends to look
interesting, in the sense that with the same lifetime limit stronger constraints on the effec-
tive mass than for the other isotopes can be reached, an observation potentially interesting
for upcoming experiments without a final decision on which isotope to use.
We finish by stressing once more that a precision determination of the solar neutrino
mixing angle θ12 is of crucial importance to evaluate the physics potential of neutrinoless
double beta decay experiments. A better knowledge of this parameter is desirable, and we
hope to provide here additional motivation for further studies.
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Appendix
Table 7: Required 0νββ decay half-life sensitivity (in 1027 yrs) in order to exclude the
inverted hierarchy for different values of sin2 θ12. For each value of sin
2 θ12 we present two
values/ranges by varying the other parameters which determine the effective mass (∆m2A,
∆m2⊙, sin
2 θ13) in their currently allowed 3σ region. Thereby, for each value of sin
2 θ12, the
numbers in the first row correspond to the smallest possible half-lifes while the numbers
in the second row correspond to the largest half-lifes. The values calculated using the
pseudo-SU(3) NME for 150Nd from Ref. [38] are (in the just described order) 2.34, 3.51,
3.77, 5.68, 8.90, 13.5 (×1027 yrs).
half-life sensitivity to exclude IH [1027 yrs]
Isotope sin2θ12 NSM [10] Tu¨ [35, 36] Jy [37] IBM [11] GCM [12] PHFB [13]
48Ca 0.270 9.88 - - - 1.27 -
14.82 - - - 1.91 -
0.318 15.93 - - - 2.05 -
24.00 - - - 3.09 -
0.380 37.62 - - - 4.84 -
56.92 - - - 7.32 -
76Ge 0.270 9.22 1.39 - 3.69 2.54 - 4.13 2.44 - 3.39 3.44 -
13.82 2.08 - 5.53 3.80 - 6.20 3.65 - 5.08 5.16 -
0.318 14.86 2.24 - 5.95 4.09 - 6.67 3.93 - 5.46 5.55 -
22.38 3.37 - 8.96 6.16 - 10.04 5.92 - 8.22 8.35 -
0.380 35.09 5.28 - 14.05 9.66 - 15.74 9.28 - 12.89 13.09 -
53.08 7.99 - 21.2614.62 - 23.82 14.03 - 19.50 19.81 -
82Se 0.270 2.41 0.40 - 1.13 1.21 - 1.94 0.86 - 1.16 0.94 -
3.61 0.60 - 1.70 1.82 - 2.91 1.29 - 1.74 1.41 -
0.318 3.88 0.65 - 1.83 1.95 - 3.13 1.39 - 1.87 1.52 -
5.85 0.98 - 2.75 2.94 - 4.71 2.09 - 2.82 2.29 -
0.380 9.17 1.53 - 4.31 4.61 - 7.39 3.28 - 4.42 3.59 -
13.88 2.32 - 6.52 6.98 - 11.17 4.97 - 6.68 5.43 -
96Zr 0.270 - 1.51 - 3.31 0.83 - 1.05 1.26 0.25 0.67 - 1.60
- 2.26 - 4.96 1.24 - 1.58 1.89 0.38 1.01 - 2.41
0.318 - 2.43 - 5.34 1.34 - 1.70 2.03 0.41 1.08 - 2.59
- 3.66 - 8.04 2.01 - 2.56 3.06 0.61 1.63 - 3.90
0.380 - 5.73 - 12.60 3.16 - 4.01 4.79 0.96 2.56 - 6.11
- 8.67 - 19.06 4.77 - 6.07 7.25 1.45 3.87 - 9.24
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Table 7: (continued)
Isotope sin2θ12 NSM Tu¨bingen Jyva¨skyla¨ IBM GCM PHFB
100Mo 0.270 - 0.28 - 1.03 0.67 - 1.08 0.58 - 0.75 0.40 0.17 - 0.47
- 0.42 - 1.55 1.01 - 1.62 0.88 - 1.12 0.60 0.26 - 0.70
0.318 - 0.46 - 1.66 1.08 - 1.74 0.94 - 1.20 0.65 0.28 - 0.76
- 0.69 - 2.51 1.63 - 2.62 1.42 - 1.81 0.98 0.42 - 1.14
0.380 - 1.08 - 3.93 2.56 - 4.11 2.23 - 2.84 1.53 0.66 - 1.78
- 1.63 - 5.94 3.88 - 6.22 3.37 - 4.30 2.32 0.99 - 2.70
110Pd 0.270 - - - 2.47 - 0.41 - 1.14
- - - 3.70 - 0.61 - 1.71
0.318 - - - 3.98 - 0.66 - 1.84
- - - 5.99 - 0.99 - 2.77
0.380 - - - 9.39 - 1.55 - 4.34
- - - 14.21 - 2.35 - 6.57
116Cd 0.270 - 0.48 - 1.56 0.63 - 1.09 1.27 0.44 -
- 0.72 - 2.34 0.95 - 1.64 1.90 0.66 -
0.318 - 0.78 - 2.51 1.02 - 1.76 2.04 0.71 -
- 1.17 - 3.79 1.54 - 2.66 3.08 1.07 -
0.380 - 1.83 - 5.93 2.41 - 4.16 4.83 1.68 -
- 2.77 - 8.98 3.65 - 6.30 7.30 2.54 -
124Sn 0.270 2.59 - - - 0.77 -
3.88 - - - 1.15 -
0.318 4.18 - - - 1.24 -
6.29 - - - 1.87 -
0.380 9.86 - - - 2.93 -
14.92 - - - 4.43 -
130Te 0.270 1.58 0.37 - 1.09 0.62 - 0.91 0.67 - 0.97 0.42 0.42 - 1.24
2.37 0.55 - 1.64 0.93 - 1.37 1.01 - 1.46 0.63 0.63 - 1.86
0.318 2.55 0.59 - 1.76 1.00 - 1.47 1.08 - 1.57 0.68 0.68 - 2.00
3.83 0.89 - 2.65 1.51 - 2.22 1.63 - 2.37 1.02 1.03 - 3.01
0.380 6.01 1.40 - 4.16 2.37 - 3.48 2.56 - 3.71 1.60 1.61 - 4.72
9.09 2.11 - 6.29 3.58 - 5.26 3.88 - 5.61 2.43 2.44 - 7.14
136Xe 0.270 2.19 0.84 - 3.59 1.34 - 1.86 0.94 0.60 -
3.29 1.26 - 5.38 2.01 - 2.78 1.40 0.89 -
0.318 3.54 1.36 - 5.78 2.16 - 2.99 1.51 0.96 -
5.33 2.04 - 8.71 3.25 - 4.51 2.27 1.45 -
0.380 8.35 3.21 - 13.65 5.10 - 7.07 3.56 2.27 -
12.63 4.85 - 20.65 7.72 - 10.70 5.39 3.43 -
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Table 7: (continued)
Isotope sin2θ12 NSM Tu¨bingen Jyva¨skyla¨ IBM GCM PHFB
150Nd 0.270 - 0.20 - 0.28 - 0.44 0.81 0.17 - 0.60
- 0.30 - 0.42 - 0.66 1.21 0.26 - 0.90
0.318 - 0.32 - 0.46 - 0.71 1.30 0.28 - 0.97
- 0.48 - 0.69 - 1.06 1.96 0.42 - 1.46
0.380 - 0.76 - 1.08 - 1.67 3.07 0.66 - 2.29
- 1.14 - 1.63 - 2.52 4.65 0.99 - 3.47
Table 8: Same as Table 7, but here the required 0νββ decay half-life sensitivity in order
to touch the inverted hierarchy is given. For the pseudo-SU(3) NME for 150Nd we get the
values 0.49, 0.72 (×1027 yrs).
half-life sensitivity to touch IH [1027 yrs]
Isotope NSM [10] Tu¨bingen [35, 36] Jyva¨skyla¨ [37] IBM [11] GCM [12] PHFB [13]
48Ca 2.05 - - - 0.26 -
3.03 - - - 0.39 -
76Ge 1.91 0.29 - 0.77 0.53 - 0.86 0.51 - 0.70 0.71 -
2.82 0.42 - 1.13 0.78 - 1.27 0.75 - 1.04 1.05 -
82Se 0.50 0.08 - 0.24 0.25 - 0.40 0.18 - 0.24 0.20 -
0.74 0.12 - 0.35 0.37 - 0.59 0.26 - 0.36 0.29 -
96Zr - 0.31 - 0.69 0.17 - 0.22 0.26 0.05 0.14 - 0.33
- 0.46 - 1.01 0.25 - 0.32 0.39 0.08 0.21 - 0.49
100Mo - 0.06 - 0.21 0.14 - 0.22 0.12 - 0.16 0.08 0.04 - 0.10
- 0.09 - 0.32 0.21 - 0.33 0.18 - 0.23 0.12 0.05 - 0.14
110Pd - - - 0.51 - 0.08 - 0.24
- - - 0.76 - 0.12 - 0.35
116Cd - 0.10 - 0.32 0.13 - 0.23 0.26 0.09 -
- 0.15 - 0.48 0.19 - 0.33 0.39 0.13 -
124Sn 0.54 - - - 0.16 -
0.79 - - - 0.24 -
130Te 0.33 0.08 - 0.23 0.13 - 0.19 0.14 - 0.20 0.09 0.09 - 0.26
0.48 0.11 - 0.33 0.19 - 0.28 0.21 - 0.30 0.13 0.13 - 0.38
136Xe 0.46 0.17 - 0.74 0.28 - 0.39 0.19 0.12 -
0.67 0.26 - 1.10 0.41 - 0.57 0.29 0.18 -
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Table 8: (continued)
Isotope NSM Tu¨bingen Jyva¨skyla¨ IBM GCM PHFB
150Nd - 0.04 - 0.06 - 0.09 0.17 0.04 - 0.13
- 0.06 - 0.09 - 0.13 0.25 0.05 - 0.18
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